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ABSTRACT
The sediments recovered at ODP Sites 745 and 746 in the Australian-Antarctic Basin are characterized by cyclic fa-
des changes between clayey diatom oozes and diatomaceous clays ranging in age from late Miocene (about 10 Ma) to
Quaternary.
The gravel and terrigenous sand content of the sediments is used as an indicator of the intensity of ice rafting
through time. Maxima are recorded at 8.7-7.9, 6.6-6.0, 5.0-4.4, and 4.0-3.2 Ma. The maxima in more recent times are
much less pronounced and occur at 2.4-1.6 and 1.4-1.0 Ma. All sand- and gravel-sized terrigenous sediment particles
are of gneissic or granitic origin and originated from the East Antarctic continent. The maxima of ice rafting recorded
at Sites 745 and 746 do not appear to represent local phenomena. Rather they document major advances and decays of
the Antarctic ice shelves and glaciers and therefore represent events of great importance for the reconstruction of the pa-
leoceanography of the Southern Ocean and the glacial history of Antarctica. In general, ice rafting was pronounced in
the late Miocene and early Pliocene epochs, which are characterized by repeated ice advances and retreats. Ice rafting
was less intensive during the late Pliocene to Quaternary time period, when ice shelves remained relative stable.
The clay minerals indicate the fluctuating influence of different source areas on the delivery of fine-grained terrige-
nous sediment components. Part of this material may have been delivered from the Permian Amery Formation or from
equivalents of this formation.
INTRODUCTION
One of the major objectives of Ocean Drilling Program
(ODP) Leg 119 was to study the long-term glacial history of
East Antarctica. While the drill sites in Prydz Bay allow only a
rough reconstruction of the glacial history since the early Oligo-
cene or possibly late Eocene time (Hambrey et al., 1989; this
volume), some elements of ice sheet development and its Neo-
gene growth remain obscure because of the poor recovery, ma-
jor hiatuses in the record, and the problem of dating. The Leg
119 (and 120) sites on the Kerguelen Plateau also document, by
their record of ice rafting and clay mineralogy, the glacial his-
tory to some degree (Ehrmann, this volume; Schlich, Wise, et
al., 1989). However, those sites also show few details because of
low sedimentation rates, great distance from the Antarctic con-
tinent, and dilution of indicative sediment components by other
particles.
ODP Leg 119 Sites 745 (59°35.71'S, 85°51.60'E) and 746
(59°32.82'S, 85°51.78'E), which were drilled in the Australian-
Antarctic Basin (Fig. 1) in water depths of 4082 and 4059 m, re-
spectively, may provide important information concerning the
late Neogene and Quaternary glacial history of East Antarctica,
because of relatively high sedimentation rates and a good strati-
graphic control (Barron, Larsen, et al., 1989).
Drilling at Site 745 with the advanced piston corer (APC) re-
covered 215 m of sediments that range stratigraphically from
the uppermost Miocene to the Quaternary, thus spanning the
last ~6 Ma (Fig. 2). Site 746, which was drilled with the APC
and extended core barrel only 5.5 km north of Site 745, was
continuously cored from 165 to 281 m below seafloor (mbsf),
which completed the stratigraphic record without any signifi-
cant gap down to the lower upper Miocene (about 10 Ma; Fig.
3). The drilling technique and the nature of the sediments were
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Figure 1. Location map of ODP Leg 119 Sites 745 and 746. Bathymetry
(in meters) is from GEBCO (Hayes and Vogel, 1981; Fisher et al., 1982).
The position of the Polar Front is according to Whitworth (1988), the
mean sea ice coverage in summer and winter according to Dietrich and
Ulrich (1968).
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such that the recovery rate was almost 100% at Site 745 and
75% at Site 746. Biostratigraphy based on diatoms (Baldauf
and Barron, this volume) and an excellent magnetostratigraphic
record (H. Sakai, pers. comm., 1989) give no indication of sig-
nificant hiatuses. Sedimentation rates ranged mainly from 25 to
50 m/Ma.
In the typical distal glaciomarine sediments of Sites 745 and
746, two different facies have been defined, which alternate cy-
clically throughout the sedimentary sequence (Ehrmann and
Grobe, this volume). Facies A corresponds to an interglacial fa-
cies and is dominated by a high content of siliceous microfos-
sils, consisting mainly of diatoms and radiolarians, a relatively
low terrigenous sediment component, an ice-rafted component,
low concentrations of clay and fine silt particles, and a relatively
high smectite content. Facies B was deposited under conditions
with extended ice shelves. It is dominated by a large amount of
terrigenous material and a smaller opaline component. Ice-
rafted debris is also present, and the micro fossils commonly are
reworked and broken. The clay mineral assemblage shows higher
proportions of glacially derived clay minerals. Calcareous sedi-
ment components are only minor constituents in both facies.
The lithology is essentially the same throughout the two holes.
A minor lithologic unit of 60-cm-thick diatomaceous nannofos-
sil ooze occurs at 246.7 mbsf.
METHODS
One hundred and fifty-four samples from Site 745 and 56
samples from Site 746 were analyzed. Samples were taken in in-
tervals of approximately 1.5 m irrespective of the sedimentary
facies. The sample size was 5-10 cm3. Depth information given
in this paper is corrected for core recoveries > 100%, which re-
sulted from pressure release as the cores obtained from several
thousand meters of water depth were brought to the surface.
Carbonate and organic carbon were measured using a Coulo-
mat. The grain sizes were determined by washing the samples
through 2-mm and 63 -µm sieves and subsequent separation of
the clay fraction (<2 µm) from the <63-µm fraction by decan-
tation. In order to remove the biogenic opaline components
from the terrigenous sedimentary particles, a density separation
was performed on the sand and silt fractions. Amorphous silica
was removed from the < 2-µm fraction by leaching.
The clay mineral composition was analyzed by X-ray diffrac-
tion (XRD) of the opal-free and carbonate-free <2-µm frac-
tion. In our semiquantitative evaluations of the clay mineral as-
semblages, we used empirically estimated correction factors on
integrated basal peak areas of the individual clay mineral reflec-
tions from glycolated samples (Biscaye, 1964, 1965; Lange,
1982).
Quartz concentrations were calculated from XRD analyses
using the internal standard method. Quartz/feldspar ratios are
based on their peak area ratios. The analytical methods are de-
scribed in more detail in Ehrmann and Grobe (this volume).
SEDIMENTARY RECORD
The sedimentary sequence at Sites 745 and 746 is character-
ized by cyclic facies changes. While the glacial-interglacial peri-
ods produce marked changes in the sediment composition, these
can be regarded as "noise" in relation to the long-term trends
(Robin, 1988). In order to deduce the late Neogene and Quater-
nary glacial history, the description and interpretation of sedi-
ment parameters therefore cannot refer to individual samples,
but rather must rely on generalized patterns (Figs. 2 through 8).
Using information from the shipboard visual core descrip-
tions, which were partly revised and completed later by evaluat-
ing color core photographs, 167 facies B intervals were identi-
fied in the sedimentary record of Sites 745 and 746 (Figs. 2 and
3 and Appendix Table 1). This number, however, is only approx-
imate because identification of these intervals depended on the
recovery and on the amount of drilling and cutting disturbance.
It also depended on light and moisture conditions. Further dif-
ficulties arose where gradational boundaries were encountered
and where the difference in clay content between the two facies
is low, especially in large sections at Site 746.
The facies B intervals are normally 0.1 to 1 m thick (Appen-
dix Table 1). Intervals of relatively low frequency and thickness
of facies B occur in the upper 96 m at Site 745. In the deeper
part of this site and at Site 746, the frequency and thicknesses
are greater. Maximum concentrations occur at Site 745 at 96-135
mbsf and at Site 746 at 171-187 and 214-235 mbsf. In the
deeper part of the latter site, recovery is too poor to record cy-
cles accurately (Fig. 3). These patterns can be correlated only
roughly with the distribution pattern of clay concentration (Figs.
4 through 7) because samples were taken at constant intervals
and not according to the sedimentary cycles. Samples taken at a
closer spacing, however, show a strong correlation between the
distribution of facies B intervals and the percentages of clay in
the related samples (Ehrmann and Grobe, this volume).
Bulk-Sediment Composition
The concentration of opal is relatively constant throughout
Site 746 and in the lower part of Site 745 (Figs. 2 and 3 and Ap-
pendix Table 2). Concentrations average about 40%. At 180
mbsf the values begin to undulate and reach minima of some
20% between 120 and 100 mbsf and some 30% between 55 and
30 mbsf. Maxima of about 50%-55% occur at 85-65 and 20-0
mbsf. The concentration of terrigenous sediment components
shows an inverse correlation pattern.
The concentration fluctuations of opaline and terrigenous
components according to the cyclic sedimentation are of rela-
tively low amplitudes at Site 746 and in the lower part of Site
745. At 120 mbsf at Site 745 the differences between facies A
and B become more pronounced, and maximum amplitudes oc-
cur at 100-25 mbsf.
The highest carbonate concentrations (Figs. 2 and 3 and Ap-
pendix Table 2) are found from 240 to 260 mbsf at Site 746 and
reach a peak within a 60-cm-thick nannofossil ooze unit. A
sample from the base of this unit had 27% carbonate, and ship-
board smear slide analyses indicated 65% nannofossils (Barron,
Larsen, et al., 1989). Otherwise, the carbonate concentrations
are relatively constant and low. They are normally about 0.4%
at Site 746 and 0.3% at Site 745.
The organic carbon content is very low and fluctuates be-
tween 0.1% and 0.3% (Figs. 2 and 3 and Appendix Table 2). At
Site 746 values tend to decrease slightly upcore, to 190 mbsf,
whence there is a shift to increasing values. At Site 745 the con-
centrations of organic carbon are constant in the lowermost 40
m. They decrease there to a broad and weak minimum at about
140 mbsf, before a medium level is reached between 110 and 50
mbsf. In approximately the uppermost 30 m, the organic carbon
values again are slightly higher.
The quartz concentrations fluctuate relatively strongly be-
tween 2% and 20% (Figs. 2 and 3 and Appendix Table 2). At
Site 745, the generalized concentration pattern largely follows
that of the bulk terrigenous material. The quartz/feldspar ratio
correlates with the quartz concentrations, indicating that the
feldspar influx was fairly constant.
Grain-Size Distribution of Terrigenous Matter
The gravel component (>2 mm) of the investigated deep-sea
sediments is thought to be of ice-rafted origin. The number of
clasts in the samples analyzed (for 1.5-m intervals) is combined
with the number of gravel clasts per section (1.5 m) of core
based on the visual core descriptions (Figs. 4 and 5). The latter
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Figure 2. Sediment composition at Site 745. The lithology column shows the cyclic alternations of clayey diatom oozes
(facies A) and diatomaceous clays (facies B, dark bars). The paleomagnetic data are courtesy of H. Sakai, and the abso-
lute ages are adapted from Berggren et al. (1985). All data are given in weight percentages, except for quartz/feldspar in
XRD peak-area ratios.
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Figure 3. Sediment composition at Site 746. The lithology column shows the cyclic alternations of clayey diatom oozes
(facies A) and diatomaceous clays (facies B, dark bars). The paleomagnetic data are courtesy of H. Sakai, and the abso-
lute ages are adapted from Berggren et al. (1985). All data are given in weight percentages, except for quartz/feldspar in
XRD peak-area ratios.
because all clasts visible on the cut surface of the core were reg-
istered, whereas in the small-volume samples the number of
clasts recovered may not be representative. The two curves,
however, show a similar general pattern and complement each
other. We decided against calculating weight percentages be-
cause the number of clasts is more informative than that mea-
sure.
With the exception of about the upper 50-m section at Site
745, minor amounts of gravel occur almost throughout the two
sites (Figs. 4 and 5 and Appendix Tables 3 and 4). The deepest
abundant occurrence of gravel is found at Site 746 from 234 to
216 mbsf. The uppermost, much less distinct maximum at Site
746 occurs between 187 and 172 mbsf. In the lower part of Site
745 maxima in the gravel content are found at 183-160 and 149-
120 mbsf. Almost no gravel occurs in the upper 120 m at Site
745. Small amounts are restricted to the intervals at 110-88 and
73-54 mbsf. The generalized distribution pattern of terrigenous
sand (2 mm-63 µm) strongly correlates with the gravel content
(Figs. 4, 5, and 8). The highest concentrations are about 5%,
but the majority of the samples contain only 0%-2% terrige-
nous sand.
The clay component (<2 µm) accounts for about 60%-80%
of the terrigenous material, and silt (2-63 µm) for about 20%-
40% (Figs. 4 and 5 and Appendix Table 4). Both show large var-
iations within short vertical distances according to the cyclic fa-
cies changes. Changes of longer term in the silt and clay distri-
bution are not obvious, except for slightly lower average silt
concentrations at the bottom and top of Site 746 and a maxi-
mum at Site 745 at 60-40 mbsf. The amplitudes of the small-
scale fluctuations of the silt and clay concentrations are much
smaller in the upper approximately 110 m at Site 745 than in the
lower part of this site or at Site 746 (Figs. 4 and 5).
Clay Mineralogy
The concentration of terrigenous clay in the bulk sediment
(Figs. 6 and 7 and Appendix Table 5), as well as of silt (which is
not presented), shows the same distribution pattern as that of
the bulk terrigenous material (Figs. 2 and 3). Silt concentrations
fluctuate between 0% and 40%, and mostly between 10% and
25%. The clay content varies much more (0%-70%), with the
most abundant concentrations occurring between 25% and 60%.
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Figure 4. Gravel content and grain-size distribution of the terrigenous sediment components at Site 745.
243










































(% of terrigenous component)
0 2 4 6 8 10 20 30 40 50 60 70 80 90 100
Figure 5. Gravel content and grain-size distribution of the terrigenous sediment components at Site 746.
served in the opaline and bulk terrigenous material concentra-
tion plots, but is less distinct.
The smectite-type clay minerals show only minor long-term
changes, but have strong short-term changes caused by the cy-
clic sedimentation, with the highest values found in the facies A
intervals. There is a slight increase from 10% to 20% from the
bottom to the top at Site 746. At Site 745, relatively constant
mean values of 20% occur up to 125 mbsf, an indistinct maxi-
mum appears at 125-95 mbsf, and a slightly higher and con-
stant concentration level of 25% is between 95 and 0 mbsf.
At Site 746 the illite concentrations range between 50% and
70% with slight maxima at 233-215 and 203-175 mbsf (Fig. 7).
Relatively constant concentrations of 50% occur at the top of
Site 746 and the base of Site 745 (Fig. 6). The highest illite con-
centrations (70%) at the two sites occur at 170-125 mbsf, with a
minimum at 125-100 mbsf. Throughout the upper part of the
sites the average concentration is about 55%.
The chlorite concentrations are much lower than those of il-
lite, and no significant correlation can be calculated. However,
the trend is generally opposite to that of illite (Figs. 6 and 7).
Kaolinite at Site 746 shows a general trend parallel to that of
illite and opposite to that of chlorite. In contrast, in the lower
approximately 50 m of Site 745, kaolinite instead follows the
chlorite trend. In the upper part of Site 745 no correlation at all
can be recognized. In general, kaolinite reveals a more compli-
cated concentration pattern than that of the other clay minerals
(Figs. 6 and 7).
ENVIRONMENTAL SETTING
The various data described in the preceding provide informa-
tion that can be incorporated into a reconstruction of the paleo-
ceanography of the Australian-Antarctic Basin. Sites 745 and
746 are just east of the steep southeastern flank of the Ker-
guelen Plateau (Fig. 1). They are beneath the present-day Ant-
arctic Bottom Water (AABW; Emery and Meincke, 1986). The
surface water mass of the region is Antarctic Surface Water
(AASW; Emery and Meincke, 1986). The water mass interca-
lated between AABW and AASW is Circumpolar Deep Water
(CDW).
The Kerguelen region is one of the most variable areas of the
Southern Ocean in respect to its hydrography (Deacon, 1983).
There is little doubt that the Polar Front, a major water-mass
boundary that separates the cold AASW in the south from
warmer Subantarctic Surface Water (SASW) to the north, runs
close to Kerguelen Island (Deacon, 1983; Whitworth, 1988; Fig.
1). It is not clear, however, whether it is generally north or south
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Figure 6. Amount of terrigenous clay (nonbiogenic.
Site 745.
< 2 µm) and relative percentages of individual clay minerals at
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Figure 7. Amount of terrigenous clay (nonbiogenic,
Site 746.
< 2 µm) and relative percentages of individual clay minerals at
of the island and how much it fluctuated in the past. It seems to
be meandering, with a southward bend between Kerguelen Is-
land and Heard Island (Deacon, 1983).
Another important hydrographic front, the Antarctic Diver-
gence, is south of the sites at about 65°S. It separates the west
wind-driven Antarctic Circumpolar Current (ACC; Whitworth,
1988) from the east wind-driven Antarctic Coastal Current. The
ACC could not have been established before the opening of the
Drake Passage sometime in the late Oligocene/early Miocene
(Wise et al., 1985). This current circles the Antarctic continent
and plays an important role in isolating it thermally. The Neo-
gene Antarctic cooling is a direct consequence of this isolation.
The buildup of large ice shelves and expansion of sea ice in
late Miocene time resulted in the initiation of modern AABW
formation (Ciesielski et al., 1982) and thereafter another major
change in the circulation pattern. The processes responsible for
AABW formation are discussed by Gordon (1978, 1982), Foster
and Carmack (1976), Foster and Middleton (1979), Foster et al.
(1987), Foldvik et al. (1985), and Foldvik and Gammelsród
(1988). To summarize, AABW formation generally is linked to
the cooling of water beneath large floating ice shelves, cooling
in polynyas kept open in front of the ice shelf edge by katabatic
winds, or to a combination of these processes.
Bottom currents were active throughout, especially during
the interglacial periods, and redistributed the sediment by win-
nowing of the fine-grained sediment particles (Barron, Larsen,
et al., 1989; Ehrmann and Grobe, this volume). Significant hia-
tuses indicating strong, erosive bottom currents and removal of
parts of the sedimentary sequence, however, were not recorded
at Sites 745 and 746.
No major change in the accumulation patterns can be seen in
the sediments recovered at Sites 745 and 746. The upper Mio-
cene to Quaternary sediments have a pelagic, mixed biosiliceous
and terrigenous character. They consist almost entirely of alter-
nating clayey diatom ooze and diatomaceous clay. The processes
responsible for the cyclic fades changes ultimately can be attrib-
uted to advances and retreats of the ice shelves. Transport by
gravity, ice, and current and input as a result of primary produc-
tivity are the most important factors (Ehrmann and Grobe, this
volume).
The only deviation from this sedimentation pattern is docu-
mented by a nannofossil ooze with abundant Reticulofenestra
perplexa and common Coccolithus pelagicus, which are of little
age-diagnostic value (Barron, Larsen, et al., 1989). Paleomag-
netic data give an age of 9.2 Ma. The ooze is approximately 60
cm thick and has gradational transitions to the underlying and
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overlying sediments. It is intensely bioturbated in the middle
and moderately bioturbated on its marginal parts. Carbonate
content reaches 65% in the center of the interval. Also, the sam-
ples from up to 4.5 m below and above the ooze reveal carbon-
ate concentrations that are higher than the background level
(Fig. 3). The nannofossils are strongly etched (Barron, Larsen,
et al., 1989). These characteristics make transport by turbidity
currents from the Kerguelen Plateau questionable. It seems rather
that the ooze represents a phase of enhanced primary calcareous
production and deposition above the carbonate critical depth
(CCrD; Kolla et al., 1976). This in turn would imply that the
CCrD, and probably also the carbonate compensation depth
(CCD), were in a deeper position than today (CCrD: ~ 3900 m—
Kolla et al., 1976; CCD: -5200 m—Van Andel, 1975). The
ooze is possibly indicative of the situation that existed before
present-day deep-water circulation was established with the ini-
tiation of AABW formation in late Miocene time. This change
would also have influenced the depth of the CCD and CCrD.
However, the poor recovery below the nannofossil ooze and aban-
donment of the hole prevents us from testing this hypothesis.
ORIGIN OF ICE-RAFTED DEBRIS
The Kerguelen Plateau with its widespread volcanism and is-
lands is not a likely source for the sediment particles deposited
at Sites 745 and 746, which lie just east of the plateau. Sedimen-
tary clasts and basaltic components, which could be derived
from the plateau, are totally missing. All the gravel and sand-
size rock fragments are of gneissic and, to a minor degree, of
granitic character, resembling the material found at the Prydz
Bay sites. Even the terrigenous sand and silt grains do not indi-
cate a different source.
The clay minerals also indicate a source area on the Antarc-
tic continent. The clay fraction of the sediments is dominated
by illite, which, together with chlorite, was most probably the
product of physical weathering and glacial scour of igneous
rocks, such as those widespread in East Antarctica (e.g., Ravich
et al., 1984). The different clay mineral assemblages found at
Sites 745 and 746 can be used to speculate on the source area.
Kaolinite, which cannot form under glacial conditions, is
thought to be derived from the erosion of old sedimentary rocks
or soils. The Permian Amery Formation or equivalent rocks
that may have occupied the Lambert Graben may be a possible
source. The Amery Formation containing feldspathic sand-
stones with a kaolinitic matrix (Trail and McLeod, 1969) crops
out at Beaver Lake, which is just east of the main stream of the
Lambert Glacier, close to the present-day coastline. Its exten-
sion beneath the ice is not known, but a thick sedimentary se-
quence probably accumulated in the now ice-filled Lambert
Graben. This source also may strongly influence the clay miner-
alogy at the Prydz Bay Sites 739-743 in front of the Amery Ice
Shelf complex (Hambrey et al., this volume). Other possible ka-
olinitic sediments in East Antarctica may occur in the Beacon
Supergroup in the Transantarctic Mountains (Barrett et al.,
1986) and on George V Coast, far away from Sites 745 and 746
(Craddock, 1982).
In addition to kaolinitic sediments, the hinterland of Prydz
Bay, as most of East Antarctica, is characterized by large areas
of migmatite and biotite-quartz-feldspar gneiss and some small
areas of charnockite. Farther inland, quartzites and quartz-
mica schists occur (Trail and McLeod, 1969; Craddock, 1982;
Ravich and Fedorov, 1982). The typical clay mineral assemblage
derived from this region should be composed of illite and minor
amounts of chlorite, with kaolinite as the diagnostic mineral.
Because the kaolinite content correlates slightly with the chlorite
content at Site 746, but with the illite content in the lower part
of Site 745, and with no other clay mineral in the upper part of
this site (Figs. 6 and 7), several source areas must be assumed.
The two clay mineral families illite and chlorite show a slight
negative correlation at Sites 745 and 746. Two source areas each
with a different principal lithology can be assumed. Chlorites
are characteristic of low-grade metamorphic and basic rocks,
whereas illites may indicate more acidic source rocks (Griffin et
al., 1968). The described lithology from East Antarctica, how-
ever, does not show such major variations, and Precambrian
gneisses and schists are dominant. Some Precambrian char-
nockite bodies have also been found (Craddock, 1982; Ravich
and Fedorov, 1982). Thus, there is little possibility of defining
different source areas, especially because the greater part of the
continent is under ice. Our knowledge of the lithology is thus
restricted to a number of small ice-free areas along the coast.
The concentration patterns of the glacially derived clay minerals
illite, chlorite, and especially of kaolinite (Figs. 6 and 7) indi-
cate frequently changing intensities in the influence of the dif-
ferent source areas.
The fine-grained clay minerals may have been derived di-
rectly as a result of drifting icebergs. They might also have been
transported down the continental slope by gravitational trans-
port, or by currents that took up their suspension load on the
slope and released it in the deep-sea basin. Once deposited on
the ocean floor, these fine-grained sediment particles were prone
to winnowing by bottom currents. Therefore, the changing con-
centrations of the individual clay minerals are not thought to
represent fluctuations in the intensity of glaciation in different
parts of East Antarctica. Rather, they are due to a complex in-
teraction of different transport mechanisms, which in turn may
be controlled by climate and glacial processes.
GLACIAL HISTORY
The sedimentological data presented here can be used to de-
cipher the glacial history of the East Antarctic margin. Espe-
cially the discussion of the growth and decay of ice shelves and
the intensity of ice rafting in the Southern Ocean finds further
support (Fig. 8). The nature and origin of the cyclic facies
changes and their implications are discussed by Ehrmann and
Grobe (this volume).
Sites 745 and 746 are within an area influenced by drifting
icebergs, as experienced during JOIDES Resolution drilling op-
erations. Indeed, within only four days on site, four big icebergs
approached the ship and caused drilling interruptions. Ice raft-
ing at the site locations is controlled by the density of icebergs
and thus calving processes. These, in turn, are controlled by
sea-level changes and the mass budget of the Antarctic Ice Sheet
in response to climatic changes.
Ice-rafted debris at present is delivered mainly by icebergs
calving into the sea from ice streams and outlet glaciers
(Drewry, 1986). At the base of an ice shelf with its grounding
line close to the continent, all terrigenous material melts out
and settles on the continental shelf soon after it leaves the
grounding line. An exception occurs when freeze-on of saline
ice onto the base of the ice shelf traps the sediment until the ice
front is reached. Generally, however, because of melting at the
base and snowfall on the ice shelf, icebergs calving from larger
ice shelves consist mainly of younger "clean" snow and ice.
However, scenarios also exist for ice shelves producing "dirty"
icebergs. If the grounding line is situated close to the continen-
tal shelf break and the floating ice tongue is smaller, the basal
glacial debris may not yet have been rained out when icebergs
calve, and thus can be transported to distal regions. Another ex-
ception occurs when a grounded ice sheet, with sediment incor-
porated in its base, decouples from the continental shelf as a re-
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Figure 8. Generalized plot of ice-rafted terrigenous gravel and sand con-
tent vs. age in comparison to the sea-level curve (Haq et al., 1987).
suit of a sea-level rise, becomes unstable, and breaks into pieces,
which then drift away. Surface sediments on the continental shelf
can also be picked up by drifting and periodically grounded ice-
bergs and transported for short or long distances to the conti-
nental margin.
We believe that the intensity of ice-rafting through time is re-
flected in the content of gravel and terrigenous sand. Detailed
studies showed that the concentration patterns of those two pa-
rameters are not a dilution effect and also that small concentra-
tion patterns are diagnostic (Ehrmann and Grobe, this volume).
The gravel content and the terrigenous sand content correlate
across large intervals at Sites 745 and 746 (Figs. 4, 5, and 8). It
is obvious that ice rafting was active throughout the time repre-
sented by the recovered sediments (i.e., about 10 Ma). Ice raft-
ing was not always of the same intensity, but was accentuated at
certain times. The intensity was greatest in late Miocene and
early Pliocene time. Maxima occur at 8.7-7.9, 6.6-6.0, 5.0-4.4,
and 4.0-3.2 Ma (Fig. 8). More recent ice-rafted material is also
present, but in smaller amounts, and is mainly represented by
the sand fraction. It seems, however, that ice rafting of sedi-
ments was lower during the last approximately 3 Ma. The fluc-
tuations in the amount of ice-rafted material at Sites 745 and
746 can be correlated with the growth and decay phases of ice
shelves. Superimposed on these large trends of ice advances and
retreats are the shorter term glacial-interglacial cycles (Ehrmann
and Grobe, this volume).
Middle Late Miocene
The first recorded maximum of ice-rafted debris at Sites 745
and 746 in the Australian-Antarctic Basin occurs at 8.7-7.9 Ma
(Fig. 8). It coincides with thick diatomaceous clay intervals (fa-
des B, Fig. 5), which indicate a paleoceanographic setting char-
acterized by extended ice shelves (Ehrmann and Grobe, this vol-
ume). The beginning of this maximum of ice rafting is some-
what disguised because of poor recovery rates for sediments
> 8.7 Ma (Fig. 5). At about the same time, a glacial event is also
documented as an increase in the intensity of ice rafting at 9.4
Ma at Sites 744 and 738 on the southern Kerguelen Plateau
(Ehrmann, this volume). In contrast to the sites in the Austra-
lian-Antarctic Basin, ice-rafting on the Kerguelen Plateau seems
to have continued at the same intensity until recent times. Sedi-
mentation rates on the Kerguelen Plateau are probably too low
to allow resolution of the individual maxima. Icebergs drifting
over Kerguelen Plateau theoretically could be derived from a
different source area and originated predominantly from calv-
ing outlet glaciers or ice streams, which contain larger amounts
of terrigenous debris than do icebergs calving from ice shelves
(Drewry, 1986). The present-day oceanographic setting, how-
ever, makes a different source for icebergs reaching Sites 745
and 746, respective of Sites 738 and 744, not very likely.
The ice advance of 8.7-7.9 Ma is connected with the pro-
nounced buildup of ice shelves around Antarctica that occurred
at about that time. The late Miocene was a time of maximum
ice volume and ice discharge from the ice sheet since its initia-
tion (Robin, 1988). Expansions of the ice shelves are recorded
from the Ross Sea drill hole MSSTS-1 (Barrett, 1986) and Deep
Sea Drilling Project (DSDP) Sites 270, 272, and 273 (Savage
and Ciesielski, 1983). Large ice shelves also formed in late Mio-
cene time in the Weddell Sea (Ciesielski et al., 1982; Mercer,
1983). In Prydz Bay an erosional hiatus spanning the late Oligo-
cene to early late Miocene indicates a major ice advance (Ham-
brey et al., this volume). The sediments above the hiatus are
dated as part of the Thalassiosira torokina Zone (7.7-4.8 Ma;
Baldauf and Barron, this volume). Enhanced ice discharge from
extended ice shelves with their grounding lines close to the shelf
break would favor the generation of icebergs laden with debris
that was incorporated as the ice advanced across the continental
shelf. This hypothesis of an increase of global ice volume and
global cooling finds further support in a late Miocene increase
of δ 1 8θ values in planktonic foraminifers recorded in the south-
western Pacific (Shackleton and Kennett, 1975) and in a fall of
the sea level (Haq et al., 1987; Fig. 8).
The maximum of ice rafting at 8.7-7.9 Ma appears exactly at
the same time (8.7 Ma) as the oldest ice-rafted material at
DSDP Site 513 in the southwestern Atlantic Ocean (Bornhold,
1983; Ciesielski and Weaver, 1983) and approximately at the
same time as the oldest ice-rafted material at DSDP Site 274 in
the Ross Sea (Barrett, 1975). A further correlation exists to
deep-sea hiatus NH5 (8.6-8.0 Ma; Keller and Barron, 1987),
which can be attributed either to a cooling in the antarctic re-
gion resulting in an intensification of the ACC or to an intensi-
fication of bottom water flow. The bottom water circulation in
the oceans became more violent because of the injection of
AABW formed as a result of the large ice shelves and possibly
the expansion of sea ice.
Late Miocene to Early Pliocene Transition
The deposition of upper Miocene and lower Pliocene proxi-
mal tills and distal glaciomarine sediments at the Prydz Bay
Sites 738 and 742 indicates that during that time the grounding
line of the Lambert Glacier/Amery Ice Shelf complex was fluc-
tuating and that the ice shelf temporarily had a larger extension
than at present day (Hambrey et al., this volume). An exact dat-
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ing of ice advances and retreats, however, is not possible based
on the Prydz Bay sites. Nor does the sedimentary record in the
Ross Sea allow dating of the latest Miocene to early Pliocene
growth and decay phases of the ice shelf (Barrett, 1986, 1989;
Hayes, Frakes, et al., 1975).
The ice-rafting maximum at 6.6-6.0 Ma recorded at Site 746
(Fig. 8) occurs within a core section characterized by thick facies
B intervals, which implicate a redeposition of material from the
continental shelf. In contrast to the Quaternary cycles, in this
older part of the sequence the facies B intervals contain en-
hanced gravel and terrigenous sand concentrations. Therefore,
the terrigenous portion of the sediments is assumed to have
been transported by icebergs rather than by turbidites, which al-
low only the fine fraction of the sediment load to reach the dis-
tal Site 746 (Ehrmann and Grobe, this volume).
A possible explanation for this scenario could be found in a
rise of sea level resulting in a decoupling of the ice sheet from
the continental shelf and a break-up into many icebergs, which
carry basal debris. According to Haq et al. (1987) the rise of sea
level had already started by 7.5 Ma and reached a maximum at
7.0-6.8 Ma. At 6.6-6.0 Ma, however, the sea level seems to have
been low (Fig. 8). In contrast, a shift in the oxygen isotope com-
position of planktonic foraminifers from Site 751 on the Ker-
guelen Plateau to lighter values is interpreted as an indicator for
a rise in the sea level and/or a warmer surface water tempera-
ture at around 6.1 Ma (Mackensen et al., in press). The simulta-
neous increase of the δ 1 8θ values of benthic foraminifers is
thought to be a result of cooling of the deeper water mass be-
cause of increased bottom water production beneath floating ice
shelves (Mackensen et al., in press). The increased AABW for-
mation beneath floating ice shelves also could be an explanation
for deep-sea hiatus NH6 (7.0-6.0 Ma; Keller and Barron, 1987).
The maximum in ice rafting at 6.6-6.0 Ma predates the late
Miocene δ13C shift to lighter values, which is documented in al-
most all oceans (Keigwin, 1979; Vincent et al., 1980; Savin et
al., 1981; Mackensen et al., in press) and has an age of 6.1-5.9
Ma (Williams et al., 1988). Vincent et al. (1980) suggested that
this shift was the result of a regression. A regression would have
resulted in a stabilization of the ice shelves and a decrease in
calving activity. This effect could have caused the cease of sig-
nificant ice rafting at approximately 6.0 Ma.
The next clearly defined event in ice-rafting activity occurs at
5.0-4.4 Ma and is recorded in sediments from Site 745 by an en-
hanced content of gravel and terrigenous sand (Fig. 8). The pa-
leomagnetic data (H. Sakai, pers. comm., 1989) indicate the
highest sedimentation rates of the stratigraphic sequence for the
interval between 4.6 and 4.4 Ma (Fig. 4).
The sea-level curve of Haq et al. (1987) reports a drastic rise
in sea level at about 5.0 Ma (Fig. 8), probably as a result of a
strong early Pliocene deglaciation (e.g., Ciesielski et al., 1982;
Hodell and Kennett, 1986; Pickard et al., 1988). The decay of
the ice shelves led to enhanced calving of icebergs and enhanced
input of fine and coarse ice-rafted debris. The floating ice in the
initial phase of the decay of the ice shelves again could have fa-
vored the formation of AABW responsible for deep-sea hiatus
NH7 (Keller and Barron, 1987).
Approximately 4.5-3.5-Ma-old glaciomarine sediments con-
taining abundant diatoms and mollusks were recorded from
Marine Plain, an area at the eastern coast of Prydz Bay (Pick-
ard et al., 1988). These sediments were deposited under a
warmer climate than today and in shallow water off an open
coast. Thus, the ice margin may have been ~ 50 km farther in-
land than today (Pickard et al., 1988). This implies that the de-
cay of the ice shelf was completed by that time.
Early Pliocene to Late Pliocene Transition
The maximum of ice-rafted gravel and terrigenous sand at
Site 745 spanning the time interval 4.0-3.2 Ma coincides with a
fall of sea level (Haq et al., 1987; Fig. 8) indicating a fixation of
water in ice on the Antarctic continent or in the ice shelves. Ex-
pansions of ice shelves and sea ice are recorded from West Ant-
arctica, along the East Antarctic margin, and possibly in ma-
rine embayments of East Antarctica (Ciesielski and Grinstead,
1986).
The glaciers and ice shelves expanding after the pronounced
early Pliocene deglaciation incorporated large amounts of de-
bris, which were deposited in the coastal areas and on the conti-
nental shelf during the deglaciation, into their base. Icebergs
calving from glaciers into the sea could transport this material
directly to the site of deposition. Icebergs calving from the ice
shelves would require that the grounding line be situated close
to the shelf break to prevent the loss of all basal debris by melt-
ing processes before calving. Such a setting is likely for that
time. A greater influx of ice-rafted debris into the oceans at this
time has also been found in the southwest Atlantic Ocean
(Bornhold, 1983) and in the southeast Indian Ocean (Blank and
Margolis, 1975).
An intensification of the ACC at about 4.0-3.2 Ma, as pos-
tulated by Ciesielski et al. (1982), is linked with a cooling phase,
which is reported, for example, by Abelmann et al. (in press),
and which also resulted in the buildup of an ice cap in Patago-
nia at about 3.2 Ma (Mercer, 1976). Deep-sea hiatus NH8 (3.7-
3.2 Ma; Keller and Barron, 1987) is possibly another result of
the intensification of the ACC.
Late Pliocene to Holocene
Minor amounts of ice-rafted debris have accumulated during
the approximately last 3 Ma. However, the gravel content of the
sediments has especially decreased. This shift in the record of
coarse ice-rafted material coincides with a distinct fall of sea
level at 2.9 Ma (Haq et al., 1987). The lower sea level favored
the grounding of large areas of the marginal ice sheet, which in
turn produced a relatively stable situation. Most of the terrige-
nous material, once embedded in the basal part of the ice, was
deposited on the continental shelf close to the grounding line.
Calving from ice shelves was reduced, and the resultant icebergs
carried only minor amounts of glacial debris. As another result,
the mainly marine-derived smectites show maximum concentra-
tions between 3 and 2 Ma, whereas the glacially derived illites
have a minimum concentration. Also, following this maximum,
from 2 Ma to Holocene time, the smectite contents are higher
and the illite concentrations lower than between 10 and 3 Ma.
The decrease in the number and thickness of facies B intervals
at Site 745, which occurs at —2.0 Ma and most dramatically at
~ 1.5 Ma, indicates that most of the glacial debris was trapped
on the shelf area, and thus is further evidence for relatively sta-
ble ice shelves.
This period of relatively stable ice shelf conditions does not
totally lack facies A-B cycles (Fig. 2 and Appendix Table 1). Al-
though they occur less frequently, they are more pronounced
than in former times, as indicated by the amplitudes of the fluc-
tuations in the content of terrigenous and opaline matter (Fig.
2). In the sediments older than 2.4 Ma, the cycles are less clearly
defined by changes in sediment composition, but are character-
ized by changes in grain size (Figs. 4 and 5). Thus, the ampli-
tudes in the grain-size distribution curves are much more pro-
nounced in the deeper part of the sedimentary record.
The intervals characterized by weak maxima in the content
of ice-rafted material at 2.4-1.6 and 1.4-1.0 Ma correlate with
relatively short-lived and minor rises of sea level at 2.0-1.6 and
1.3-1.0 Ma (Haq et al., 1987; Fig. 8). The sea-level rises may
have caused the ice sheets to decouple from the sea bed. There-
with, less stable situations were established and the production
of icebergs increased. At the same time, maxima of ice-rafted
material are also reported from the southwest Atlantic Ocean
(Bornhold, 1983; Ciesielski and Weaver, 1983).
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APPENDIX
Appendix Table 1. Position of facies B intervals (diato-
maceous clays) at ODP Sites 745 and 746 as deduced
from the shipboard visual core descriptions and from
core photographs.






2H-3, 125, to 2H-4, 20
2H-4, 135, to 2H-5, 25
2H-5, 120, to 2H-6, 15
2H-6, 105, to 2H-7, 20
3H-1, 55-85




4H-2, 64, to 4H-3, 82
4H-6, 90, to5H-l, 15
5H-3, 50-62
5H-3, 105, to 5H-4, 44
5H-4, 118, to5H-5, 57
5H-5, 145, to 5H-6, 55
5H-6, 95, to 5H-7, 22
6H-1, 100, to 6H-3, 52
6H-3, 120, to 6H-4, 55
7H-2, 25-54







8H-2, 149, to8H-3, 11
8H-4, 147, to 8H-5, 9
8H-7, 3-10
9H-1, 144, to9H-2, 10
9H-2, 30-80
9H-3, 142, to 9H-4, 52
9H-4, 60-77
9H-5, 60, to 9H-6, 10
10H-2, 56-86
10H-2, 128-137
10H-2, 147, to 10H-3, 97
10H-3, 140-150
10H-4, 16-78
10H-4, 131, to 10H-5, 56
10H-5, 89, to 10H-6, 10
10H-6, 33-105
10H-6, 140-150
10H-7, 27, to 11H-1, 15




11H-5, 95, to 11H-6, 45
11H-6, 120, to 12H-1, 104
12H-1, 129, to 12H-2, 45
12H-2, 105, to 12H-3, 30
12H-3, 105, to 12H-4, 25
12H-4, 120, to 12H-5, 40
12H-5, 100, to 13H-2, 15
13H-2, 140, to 13H-6, 20
13H-6, 55-95
13H-6, 130, to 13H-7, 25
13H-7, 75, to 14H-1, 50
14H-2, 70, to 15H-2, 50
15H-2, 80, to 15H-4, 15
15H-4, 79-131
15H-4, 146, to 15H-5, 62
15H-5, 83-103
17H-3, 5-12
17H-3, 135, to 17H-5, 12
17H-5, 25-55
17H-6, 40-70






















































































































































17H-7, 40, to 18H-1, 32
18H-1, 123, to 18H-3, 20
18H-4, 57-64
18H-4, 120, to 18H-5, 15
18H-5, 26-57
18H-5, 75, to 18H-6, 50
18H-6, 110, to 19H-1, 130
19H-2, 82, to 19H-3, 17
19H-3, 60, to 19H-4, 15
19H-4, 40, to 19H-5, 50
19H-5, 62, to 19H-6, 40
19H-6, 60-80
19H-6, 120, to 19H-7, 20
20H-2, 7-12
20H-2, 70, to 20H-3, 80
20H-3, 105, to 20H-4, 15
20H-4, 60, to 20H-5, 95
20H-5, 107, to 20H-6, 20
20H-6, 75-115
20H-6, 145, to 21H-3, 75
21H-4, 7-14
21H-4, 106, to 21H-6, 20
21H-6, 52-90
21H-6, 110, to21H-7, 12
21H-7, 50-63
21H-CC, 13, to22H-l,43





22H-5, 63, to 22H-6, 57





23H-3, 133, to 23H-4, 16




24H-2, 130, to 24H-3, 15
24H-3, 46-135
24H-4, 10-30
24H-4, 75, to 24H-5, 30
24H-5, 56-82
24H-5, 106, to 24H-6, 95
24H-7, 7-15
119-746A-
4H-1, 135, to4H-2, 27
4H-2, 47-86
4H-2, 103-120










4H-7, 21, to 5H-2, 13
5H-2, 125, to 5H-3, 40
5H-3, 65, to 5H-6, 42
5H-6, 100, to 5H-7, 15
5H-7, 35-50
5H-7, 60-70
6H-1, 0, to 6H-2, 130
6H-4, 45, to 6H-5, 20
6H-5, 125, to 6H-6, 10
6H-6, 87, to 6H-CC, 14
7H-1, 105, to7H-2, 10


























































































































































LATE MIOCENE TO HOLOCENE GLACIAL HISTORY, SITES 745 AND 746




7H-5, 120, to 7H-6, 55
7H-6, 145, to 8H-1, 40
8H-3, 140, to 8H-4, 15
8H-5, 130, to 9H-1, 23
Disturbed interval
9H-4, 30-130
9H-5, 40, to 9H-6, 62
10H-1, 0, to 10H-3, 70
10H-3, 97, to 10H-4, 20
10H-4, 130, to 10H-5, 77
10H-5, 132, to 10H-6, 35
10H-6, 87, to 11X-2, 35
11X-2, 100, to 11X-3, 12
11X-3, 115, to 11X-4, 107
11X-4, 123, to 11X-CC
No recovery
13X-1, 140, to 13X-2, 35
13X-2, 127, to 13X-3, 150
Nannofossil ooze
13X-4, 58-95
13X-5, 45, to 13X-6, 30
13X-6, 140, to 14X-1, 70
14X-2, 0-15
No recovery
15X-1, 0, to 15X-CC,
No recovery























































W. U. EHRMANN, H. GROBE, D. K. FUTTERER
Appendix Table 2. Sediment composition at ODP Sites 745 and 746. All data are given
in weight percent, except for the quartz/feldspar ratio, which is calculated from XRD















































































































































































































































































































































































































































































































LATE MIOCENE TO HOLOCENE GLACIAL HISTORY, SITES 745 AND 746
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LATE MIOCENE TO HOLOCENE GLACIAL HISTORY, SITES 745 AND 746
Appendix Table 3. Number of gran-
ules and pebbles in core sections
from ODP Sites 745 and 746 as de-
duced from the shipboard visual
core descriptions.









































































































































































































































































































































































































































































































































































































































































































W. U. EHRMANN, H. GROBE, D. K. FUTTERER
Appendix Table 4. Grain-size distribution of the terrigenous sediment
components at ODP Sites 745 and 746. The number of pebbles and
granules ( > 2 mm) is also listed.


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































LATE MIOCENE TO HOLOCENE GLACIAL HISTORY, SITES 745 AND 746





> 2 m m
 63 µm-2 mm 2-63 µm < 2 µm
(n) (<%)
Appendix Table 5. Amount of terrigenous clay (nonbiogenic, < 2 µm)
and relative percentages of the clay minerals smectite, illite, chlorite,























































































































































































































































































































































































































































































































































































































































































































































































































































































































































W. U EHRMANN, H. GROBE, D. K. FUTTERER
Appendix Table 5 (continued). Appendix Table 5 (continued).
Core, section,
interval (cm)
119-745B-(Cont.)
12H-5, 48-50
12H-6, 48-50
12H-7, 48-50
13H-1, 48-50
13H-2, 48-50
13H-3, 48-50
13H-4, 48-50
13H-5, 48-50
13H-6, 48-50
13H-7, 48-50
14H-1, 48-50
14H-2, 48-50
14H-3, 48-50
14H-4, 48-50
14H-5, 48-50
14H-6, 48-50
14H-7, 48-50
15H-1, 48-50
15H-2, 48-50
15H-3, 48-50
15H-4, 48-50
15H-5, 48-50
15H-6, 48-50
17H-1, 48-50
17H-2, 48-50
17H-3, 48-50
17H-4, 48-50
17H-5, 48-50
17H-6, 48-50
17H-7, 46-48
18H-1, 44-46
18H-2, 44-46
18H-3, 44-46
18H-4, 44-46
18H-5, 44-46
18H-6, 44-46
18H-7, 44-46
19H-1, 40-42
19H-2, 40-42
19H-3, 40-42
19H-4, 40-42
19H-5, 40-42
19H-6, 40-42
19H-7, 40-42
20H-1, 52-54
20H-2, 47-49
20H-3, 47-49
20H-4, 47-49
20H-5, 47-49
20H-6, 47-49
20H-7, 47-49
21H-2, 48-50
21H-3, 48-50
21H-4, 48-50
21H-5, 48-50
21H-6, 48-50
21H-7, 48-50
22H-1, 48-50
22H-2, 48-50
22H-3, 48-50
22H-4, 48-50
22H-5, 48-50
22H-6, 48-50
23H-1, 48-50
23H-2, 48-50
23H-3, 48-50
23H-4, 48-50
23H-5, 48-50
23H-6, 48-50
23H-7, 48-50
24H-1, 48-50
24H-2, 48-50
24H-3, 48-50
24H-4, 48-50
24H-5, 48-50
24H-6, 48-50
Depth
(mbsf)
106.14
107.56
108.98
109.96
111.39
112.81
114.24
115.67
117.10
118.53
119.46
120.90
122.35
123.79
125.23
126.67
128.12
128.98
130.48
131.98
133.48
134.98
136.48
139.47
140.94
142.41
143.88
145.35
146.82
148.27
148.92
150.37
151.81
153.25
154.69
156.13
157.58
158.38
159.80
161.23
162.69
164.08
165.50
166.93
168.00
169.39
170.84
172.28
173.72
175.16
176.61
178.88
180.30
181.72
183.14
184.56
185.98
186.98
188.48
189.98
191.48
192.98
194.48
196.46
197.89
199.31
200.74
202.17
203.60
205.03
205.95
207.37
208.79
210.11
211.62
213.04
Clay
(%)
40.1
53.5
56.2
62.9
35.9
56.5
61.8
69.7
63.2
46.1
56.5
42.2
61.6
49.4
52.5
51.5
63.7
59.8
61.3
47.9
46.6
56.6
40.4
50.9
31.8
37.1
41.7
60.2
43.7
45.7
53.1
56.0
40.9
41.6
58.5
47.4
37.1
40.8
44.7
54.3
55.0
53.2
31.4
41.5
59.5
39.1
56.9
45.0
63.1
54.5
53.8
36.6
48.3
44.2
45.9
53.2
48.1
37.3
43.0
36.9
55.8
47.7
52.2
46.4
39.1
42.3
33.5
48.8
41.7
38.4
58.6
47.4
36.4
48.9
Smectite
(%)
29
29
19
21
41
20
1
68
23
19
21
21
14
16
18
12
14
12
15
19
24
16
24
21
18
38
18
11
13
18
11
16
17
13
21
13
18
23
21
10
9
15
28
31
19
51
24
28
11
15
13
17
30
25
17
15
10
23
21
27
17
20
15
22
25
13
34
18
5
24
21
17
5
21
Illite
(%)
41
48
50
51
48
53
68
27
49
58
51
46
53
64
58
68
71
71
73
72
69
68
65
70
69
47
72
69
73
66
79
69
62
75
71
74
67
64
72
64
85
63
60
52
58
14
56
60
63
62
60
51
60
62
63
65
75
66
62
62
61
57
65
59
57
66
46
66
72
61
67
70
44
66
Chlorite
w
30
11
10
12
7
15
13
5
16
11
13
16
21
8
8
13
6
16
8
6
4
16
12
6
12
12
4
19
9
14
5
5
14
5
3
12
9
9
3
24
6
22
10
5
12
30
4
4
11
17
16
23
3
6
9
13
8
7
14
5
15
13
15
19
9
15
14
8
23
9
9
13
31
3
Kaolinite
(%)
0
12
21
16
3
11
18
0
12
12
15
17
13
12
16
7
9
2
3
3
3
0
0
3
1
3
7
0
5
2
6
10
7
6
6
1
5
4
3
2
0
0
3
11
12
5
16
9
16
5
11
9
7
7
11
6
7
4
3
6
7
10
6
0
9
6
5
8
0
6
3
0
20
9
Core, section,
interval (cm)
119-745B-(Cont.)
24H-7, 48-50
119-746A-
4H-1, 48-50
4H-2, 48-50
4H-3, 48-50
4H-4, 48-50
4H-5, 48-50
4H-6, 48-50
4H-7, 48-50
5H-1, 48-50
5H-2, 48-50
5H-3, 48-50
5H-4, 48-50
5H-5, 48-50
5H-6, 48-50
5H-7, 48-50
6H-1, 48-50
6H-2, 48-50
6H-3, 48-50
6H-4, 48-50
6H-5, 48-50
6H-6, 48-50
6H-7, 5-7
7H-1, 48-50
7H-2, 48-50
7H-3, 48-50
7H-4, 48-50
7H-5, 48-50
7H-6, 48-50
7H-7, 48-50
8H-1, 48-50
8H-2, 48-50
8H-3, 48-50
8H-5, 48-50
9H-4, 42-44
9H-5, 42-44
9H-6, 42-44
10H-1, 48-50
10H-2, 48-50
10H-3, 48-50
10H-4, 48-50
10H-5, 48-50
10H-6, 48-50
11X-1, 48-50
11X-2, 48-50
11X-3, 48-50
11X-4, 48-50
11X-5, 48-50
11X-6, 48-50
13X-1, 48-50
13X-2, 48-50
13X-3, 48-50
13X-4, 48-50
13X-5, 48-50
13X-6, 48-50
14X-1, 48-50
15X-1, 48-50
16X-1, 48-50
Depth
(mbsf)
214.45
165.26
166.70
168.15
169.59
171.03
172.47
173.92
174.75
176.18
177.60
179.02
180.44
181.86
183.28
184.27
185.74
187.21
188.68
190.15
191.62
192.67
193.77
195.22
196.68
198.13
199.59
201.05
202.50
203.28
204.78
206.28
207.93
214.22
215.72
217.22
218.26
219.70
221.15
222.59
224.03
225.47
227.67
228.83
230.00
231.16
232.32
233.49
242.67
244.14
245.61
247.08
248.55
250.02
252.28
261.98
271.58
Clay
(%)
40.8
50.2
44.4
42.4
54.9
35.4
36.4
47.8
45.6
38.8
31.5
47.8
45.2
43.8
42.1
42.9
38.5
35.1
48.9
41.8
40.3
41.3
36.0
41.9
34.8
41.0
37.5
43.4
49.3
38.6
33.8
29.1
32.0
47.0
36.4
43.7
39.9
40.1
56.7
37.9
45.9
44.1
47.8
48.4
46.3
38.7
57.8
57.0
36.3
43.0
54.7
41.7
52.4
38.4
48.9
58.3
55.3
Smectite
(%)
34
18
28
25
20
24
29
18
16
27
24
12
14
19
19
20
15
17
25
18
21
28
27
24
23
19
11
12
11
26
24
18
20
21
10
15
16
19
6
15
9
24
14
26
11
16
18
5
29
28
7
11
12
20
7
17
12
Illite
(%)
58
62
60
54
58
57
50
54
67
59
64
69
61
60
65
61
68
65
56
70
58
55
54
63
58
59
72
67
70
53
52
60
58
56
65
63
67
66
78
69
71
59
65
51
72
62
64
76
52
49
69
57
68
54
70
59
78
Chlorite
(%)
4
14
9
10
14
11
12
20
17
11
8
9
22
18
16
17
10
12
11
5
13
10
9
7
11
13
9
13
20
18
20
19
17
21
17
20
17
11
13
10
14
9
17
19
18
13
5
18
11
20
12
29
8
17
18
15
5
Kaolinite
(%)
4
7
4
10
7
8
8
7
0
3
5
10
3
2
0
2
7
6
9
6
8
6
10
5
8
9
8
9
0
3
4
4
4
2
8
2
1
3
3
6
7
8
4
4
0
8
13
1
8
3
12
4
13
8
5
9
5
260
